This project evaluates what $/kW subsidy on microturbines (MT's) makes them economically competitive with natural gas internal combustion engines (ICE's). The Distributed Energy Resources Customer Adoption Model (DER-CAM) is used to determine least cost solutions, including distributed generation (DG) investment and operation, to sites' energy demands.
The first site considered is a hospital in New York City. The small hospital (90 beds) has a peak electric load (including cooling) of 1200 kW, with heat loads comparable to electric loads. Consolidated Edison electricity and natural gas tariffs for 2003 are used. A 60% minimum DG system efficiency is imposed on DG operation to avoid the standby tariff, which is less amenable to DG than the parent tariff.
The second site considered is the Naval Base Ventura County commissary in Southern California. The commissary has 13,000 m 2 of floor space and contains a large retail store, supermarket, food court, and other small businesses. The site peak electric load (including cooling) is 1050 kW. Electricity and natural gas supply are from direct access contracts, and delivery service is provided by Southern California Edison and Southern California Gas, respectively. 2003 supply and delivery rates are used. MT purchase options include packages with single and double effect chillers. Double effect chillers are more expensive than single effect chillers, but also more efficient. ICE purchase options only include packages with single effect chillers.
Key findings include:
• For MT's to be economically competitive with ICE's under low NOx emissions regulations, MT turnkey costs must be reduced by $500/kW for the California naval base and $800/kW for the New York City hospital.
• MT's with lower reliability (93%) only increase annual energy costs by about 0.5%-1.5% compared to MT's with higher reliability (98%).
• MT's with a 50% higher lifetime (15 years) than the current 10 year lifetime MT's can reduce annual energy costs by 5%.
• Systems with double-effect chillers do not provide significantly lower cost solutions than single-effect chiller systems.
MT cost reductions can be realized through:
• Economies of scale in production to reduce equipment costs • Streamlined installation procedures to reduce engineering and installation costs o Currently MT installation costs are higher than ICE installation costs because installers have less experience with MT's.
Results in this report are based on tariff data from 2003. Current higher natural gas and electricity prices may lead to different conclusions.
proven to meet CARB 2007 standards in controlled experiments with fresh catalyst. Several companies are selling EGR/3-way catalyst products, but none are guaranteeing compliance with CARB 2007. ERG could prove to be a lower cost approach to NOx reduction than SCR.
Introduction
On-site generation of electricity with combined heat and power (CHP) was once limited to large industrial energy consumers that took advantage of the economies of scale necessary to make self generation with gas turbines (ranging in size from 1 MW to 100's of MW) an economic proposition. However, two prime-movers, internal combustion engines (ICE's) and microturbines (MT's), have made smaller CHP systems (100's of kW) economic for both small commercial and industrial sites. This work explores the economic competitiveness between MT's and ICE's. This work is structured as follows:
• Section 2 provides an overview of DER-CAM, • Section 3 describes the sites modeled for this analysis,
• Section 4 describes the experiment and the results, and • Section 5 summarizes the findings from this work.
Distributed Energy Resources Customer Adoption Model (DER-CAM)
This study uses DER-CAM to examine the economic competitiveness of MT's relative to ICE's for two sites: a naval base in California, and a hospital in New York. Developed at Lawrence Berkeley National Laboratory (LBNL), DER-CAM is software designed to determine the most economic DG investment decision for a given site. The solution includes both the type of generating equipment and the optimal operating schedule that minimizes energy costs. DER-CAM input includes the site's hourly end-use energy demand, electricity and natural gas supply costs, and DG technology adoption options.
DG generation technology options can include any on-site options such as PV, and natural gasfueled ICE's, MT's, gas turbines, and fuel cells, etc. By matching natural gas-fueled generation to heat exchangers and absorption chillers, heat recovered from natural gas driven generators can be used to offset heating and cooling loads. For this project, only ICE's and MT's were considered.
The most common solution includes natural gas-fueled technologies, which can be purchased in any of the following three ways:
• generator only: for electricity only,
• generator and heat exchanger: for electricity and heat recovery for either domestic hot water or space heating, or • generator, heat exchanger, and absorption chiller: for electricity and heat recovery to serve domestic hot water, space heating, or cooling loads.
In addition to the optimal DG system and the corresponding hourly operating schedule, DER-CAM output also includes the resulting costs, fuel consumption, and carbon emissions. Figure 1 shows a high-level schematic of DER-CAM, which illustrates the key inputs and outputs of the model. References to detailed descriptions of DER-CAM and a list of input modifications made for this effort are provided in Appendix F. 
Site selection and data collection
Two prototypical sites were chosen for this study. Typical DG candidate sites were desired, i.e. sites with high utility electricity rates and a significant heat load. The two sites selected were a small hospital in New York City, New York and a naval base commissary in Southern California, which are shown in Figure 2 and Figure 3 . For these sites, disaggregated hourly load data was required for DER-CAM, as were electricity and natural gas tariff structures and prices, and DG technology cost and performance data.
The naval base building is a commissary at the Naval Base Ventura County in Port Hueneme, California. Prior experience with this building included site visits and a two-part detailed case study of the commissary (Bailey 2004 and Bailey 2005) . The commissary covers 13,000 m 2 of floor-space and contains a large retail store, supermarket, food court, and other small businesses. The annual peak electricity load is 1,050 kW. The commissary has direct access 4 contracts for electricity and natural gas supply 5 together with delivery service from the two local utilities: Southern California Edison and Southern California Gas. Energy prices for 2003 were used, and are reported in Appendix B.
The hospital is modeled after the Wyoming County Community Hospital (WCCH), a small, 90-bed hospital in Warsaw, New York. The WCCH building had also been studied by LBNL as part of an extensive case-studies project (Bailey 2003) . 6 In this work, the load profiles were assumed to represent a prototypical hospital in New York City, where higher electricity rates than in Warsaw are more favorable for DG. The hospital has a peak electric load of 1,200 kW with comparable heat loads. Consolidated Edison 2003 rates for electricity and natural gas service in New York City were applied, and are reported in Appendix B.
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The end-use disaggregated load profiles for both sites are presented in Appendix A. DG technology costs and performance data are provided in Appendix C. For this project, it was assumed that ICE's require selective catalytic reduction (SCR) to reduce NOx emissions to acceptable regulatory levels, adding 20% to the capital cost and $0.008/kWh to the variable maintenance costs (Firestone 2004 ). MT's were assumed to not require exhaust after-treatment, but were constrained to run at 90% or higher of capacity to maintain low NOx emissions rates 8 .
Method and Results
A series of DER-CAM runs, herein referred to as a case, is used to determine the level of subsidy required to make MT's cost competitive with ICE's. The first set of DER-CAM runs of each case contained no subsidy on MT's, and the option to purchase both ICE's and MT's. For this set, DER-CAM is run once with no investment, once with investment and no payback period constraint, and once with investment and a 6 year payback period constraint. 9 In all cases, the solutions to these runs are purchases of ICE's. Following this initial run, a series of DER-CAM runs is executed with increasing levels of MT subsidy (in the form of reduced capital costs) and purchase options restricted to MT's 10 . Subsidies increase from $0/kW to $1000/kW in increments of $100/kW. For each run, the optimal investment decision and resulting annual energy cost are recorded. 
Base Case
The base case is one in which equipment cost and performance characteristics from Appendix C were used and MT subsidies were varied from zero to $1000/kW. Annual energy cost and DG installed capacity results for the New York City hospital and Southern California naval base commissary are shown in Figure 4 and Figure 5 .
Sensitivities
Aside from cost, reliability and lifetime are two performance parameters for which MT's are considered poorer than ICE's; therefore, the DER-CAM runs are repeated separately for three levels of MT reliability and three levels of MT lifetime.
Reliability
In DER-CAM, it is assumed that there is an equal probability of DG outage at any hour. DER-CAM first assumes perfect reliability to determine energy costs, and then includes a penalty cost that is a function of demand charge, load profile, and equipment reliability, capacity, and quantity. Reliability is directly related to the level of demand charge mitigation that is feasible. The standard MT model in DER-CAM assumes a reliability of 98%. In DER-CAM, the only effect of reliability on cost is to determine the amount of demand charge savings over the noinvest scenario. For the reliability sensitivity, MT reliabilities of 93% and 100% were also considered. Results for these cases are shown in Figure 6 and Figure 7 . 9 Here, a simple payback period is used, and defined as [upfront capital cost of system]/[pre-investment annual cost -post-investment annual cost -amortized capital costs] 10 Excluding ICE's from consideration in these runs was done to avoid solutions containing both MT's and ICE's, which would cloud the results presented here. However, there are situations where DER-CAM would select such mixed solutions, particularly with MT subsidy. In certain situations, solutions would mimic the base-loading (ICE's) and peaker plant (subsidized MT's) solutions used in utility scale power systems.
Lifetime
The standard MT modeled in DER-CAM has a lifetime of 10 years, whereas the lifetime of ICE's is 20 years, and increased lifetime translates into reduced amortized capital costs. As lifetime sensitivities, MT lifetimes of 10, 15, and 20 years were considered, and results for these cases are show in Figure 8 and Figure 9. 
Double-Effect Chillers
One benefit of MT's over ICE's is the high quality heat from MT exhaust. All waste heat from MT's is in the form of exhaust gas at 230ºC to 340ºC.
11 This exhaust can be applied to doubleeffect absorption chillers, 12 which require higher inlet temperatures than ICE waste heat could provide; however, double-effect chillers are more expensive. The reason for this is that roughly half of the waste heat from ICE's comes from jacket cooling of the engine, which is at a relatively low temperature, while the other half is from exhaust gas at 370ºC-540ºC 13, 14 . Preliminary results show little difference in annual energy costs between systems with the two types of chillers; cases with double-effect chillers were therefore not considered for this project.
11 Goldstein (2003) , sec. 4 p. 8. 12 Single-effect chillers have a coefficient of performance (COP) of 0.6-0.7, whereas double-effect chillers have a COP of 1.1-1.2. For chillers, COP is defined as [heat removed by system]/[energy provided to system] 13 Goldstein (2003) , sec. 2 p. 14. 14 It is possible drive a double-effect chiller with the heat from a reciprocating engine: the exhaust can be used to drive the high temperature stage and cooling loop can be used to drive the low temperature stage. This concept is not commercially available and was not considered here. 
Summary of Findings
This project examined the economic competitiveness of MT's relative to ICE's by determining least cost DG solutions for two sites under varying MT subsidy level. DER-CAM was used to determine least cost solutions. The two sites were a New York hospital and a Southern California naval base commissary. Sensitivity cases with hypothetical MT reliability and lifetime were also studied.
For both sites, ICE's were more economic than unsubsidized MT's. Table 1 summarizes the subsidy level required for economically motivated MT installation for all cases. Note that results are only reported from runs completed with subsidies in 100 $/kW increments, so they do not represent actual break even subsidy levels. 
MT reliability sensitivy

MT lifetime sensitivity
The results in Section 4 illustrate that the less attractive MT electrical efficiency must be compensated by a large capital cost reduction. For MT's to be economically competitive with ICE's under low NOx emissions regulations, MT costs must be reduced by $500/kW for the Southern California naval base and by $800/kW for the New York City hospital. Although MT's offer higher quality waste-heat, systems with double-effect chillers do not provide significantly lower cost solutions than single-effect chiller systems.
MT's with lower reliability (93%) only increase annual energy costs by about 0.5%-1.5% compared to MT's with higher reliability (98%). Perfectly reliable (100%) MT's would lower costs less than 1% (considering demand charge effects only).
This surprising insignificance of reliability is attributable to several factors: MT systems of the capacities installed in these solutions consist of several MT's, for which the probability of a multiple unit outage are small, even at lower reliabilities; the ability to mitigate monthly demand charges is not affected greatly by the level of individual unit reliability. For the New York City hospital, five or more MT's are selected in each case, regardless of reliability value. For all but the summer months, excess capacity is installed. This means that for 8 months out of the year, there is redundant capacity -with multiple generators, this allows for the avoidance of demand charges even when one (or more units in winter months) are unavailable during a critical hour. Additionally, outages are unlikely to occur during the absolute "worst" time during the month, which further decreases the impact of an outage. 15 Demand charges are significantly lower for Southern California naval base commissary than for the New York City hospital 16 , while volumetric electricity prices are similar at both sites. This means that demand charges are proportionally much less of the total energy cost in Southern California. Even though the naval base commissary solutions have few numbers of MTs than the hospital solutions, the effect of imperfect reliability on total energy costs is small.
MT's with a 50% higher lifetime (15 years) than the assumed current 10 year lifetime can reduce annual energy costs from 1% to 5%. A 20 year lifetime can reduce costs by up to 8%.
MT's are an emerging technology, which suggests that their capital costs have room for improvement through economies of scale and design improvements. Additionally, MT-based DG system design and installation costs should ultimately be lower than for ICE-based systems because of MT simplicity in setup and connection. While not considered in this study, efficiency is also likely to improve. 15 To illustrate this, consider a monthly on-peak peak load of 1000 kW, a more typical on-peak load of 900 kW, and five 200 kW MTs installed on-site. For 100% reliable MTs, there would be no utility demand if the MTs were always dispatched. For imperfectly reliable MTs, the expected outage scenario during the month may be that, at most, one MT is unavailable at any hour during the month. It is unlikely that this outage occurs at one of the few peak load hours, and much more likely that it occurs during a more typical load hour. Thus, the expected utility demand would be 100 kW [900 kW load -800 kW on-site supply], not the 200 kW that might be expected for a 200 kW expected capacity shortfall. 16 In New York City, total demand changes range from $17/kW in the winter to $34/kw during the summer peak. However, in Southern California under direct access rates, demand charges total $7/kW during the four summer months and $2/kW during the rest of the year.
Appendix A. End-use Load Profiles
End-use load profiles for the two sites were obtained through data collection at the sites and site modeling in the building energy simulation model, DOE-2. Energy consumption is divided into five categories:
• Electricity-only: end-use loads that can only be met by electricity, e.g. lighting, computing, reported in kWh of electricity required for each hour.
• Cooling: site cooling loads, reported in kWh of electricity that would be required (assuming a COP of 4.5) to provide the desired level of cooling for each hour.
• Space-heating: space heating load of the site, reported in kWh of thermal energy required to meet the load for each hour. In this application of DER-CAM, a central furnace efficiency of 80% was assumed.
• Water-heating: water heating load of the site, reported in kWh of thermal energy required to meet the load for each hour. In this application of DER-CAM, a central boiler efficiency of 80% was assumed.
• Natural-gas-only: loads that can only be met by natural gas, e.g. cooking and decentralized heating, reported in kWh (higher heating value) of natural gas required to meet the load for each hour. DER-CAM models three days per month: one representing the three peak days of consumption, on representing the remaining weekdays, and one representing the weekend days. Figure App Natural gas rates consist of monthly charges and volumetric charges. In New York, reduced natural gas rates are available for DG customers for their DG related natural gas consumption because of the higher load factor. Table App-3 shows the Consolidated Edison natural gas rates for New York City. Table App-4 shows the direct access electricity rates that the NBVC is subject to in Southern California, combined with the delivery rates from Southern California Gas. $795,412 $784,528 $772,157 $760,936 $750,123 $735,696 $725,946 $717,490 $706,285 $693,296 $680,276 Installed Microturbine Electrical Capacity (kW) 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200 1450 
Appendix E. NOx emissions
A key area of superiority for MT's over ICE's is their lower NOx emissions, a parameter of significant environmental concern. The California Air Resources Board (CARB) has set limits on DG NOx emissions for 2007 (0.07 lb/MWh) that will be difficult for ICE's to achieve. Figure  App-11 shows NOx emissions for a range of ICE's with exhaust after-treatment, with and without credit for CHP. "Rich" and "Lean" refer to the amount of fuel allowed during the combustion. Exhaust gas recirculation (ERG) uses exhaust gas instead of excess air to achieve a lean burn. Inexpensive 3-way catalysts can be used as the exhaust after-treatment because of the low oxygen level of the exhaust. To date, this technology has only been proven to meet CARB 2007 standards in controlled experiments with fresh catalyst. Several companies are selling EGR/3-way catalyst products, but none are guaranteeing compliance with CARB 2007. In order to achieve these low emissions rates, however, MT's must use lean pre-mix combustors referred to as dry low emission (DLE) combustors. At full load, DLE promises ultra-low levels of NOx emissions, but not at part loads. More robust emissions control options would be prohibitively expensive. This is the rationale behind the constraint on MT's to run at 90% to 100% of rated power. 
